Preterm birth is a common cause of death worldwide of children under the age of five years. This condition is linked with short and long term neonatal morbidity and mortality. Maternal nutrition during pregnancy has a profound effect on fetal growth and development and subsequently also on the incidence of preterm birth. The aim of this study was to assess the differential effect of dietary patterns of pregnant women across ordered levels of preterm birth. Dietary assessments were performed using a food frequency questionnaire, presented to 687 pregnant women, in the "Mother and Child in the Environment" birth cohort during the period of 2013 to 2017. Each pregnancy resulted in a live birth. Eight dietary patterns were extracted, using exploratory factor analysis. The partial proportional odds model was employed to model severity levels of preterm birth. The partial proportional odds model has been recognized to be a flexible approach since it allows the effect of predictor variables to vary across categories of the ordinal response variable of interest. Women with increased consumption of vegetable-rich foods showed a reduced risk of very to moderately preterm birth incidence (AOR = 0.73, 95% CI = (0.531, 0.981), p = 0.036). Lower odds of very/moderately preterm birth compared to late preterm or term birth were observed for women following "nuts and rice foods" dietary pattern (AOR = 0.25, 95% CI = (0.099, 0.621), p = 0.003). High dietary consumption of starch foods dietary pattern (AOR = 2.09, 95% CI = (1.158, 3.769), p = 0.014) was associated with the most severe level of preterm birth outcome incidence, i.e. very/moderately preterm birth. The partial proportional odds modeling allowed the description of the effect of maternal dietary patterns across the different severity levels of preterm birth.
The World Health Organization (WHO) has defined preterm birth as the spontaneous or induced live delivery of babies before 37 completed weeks of gestation 1 . Preterm birth is associated with short and long term neonatal morbidity and mortality [2] [3] [4] [5] and is the second-leading cause of under-five mortality, worldwide 1 . The global prevalence of preterm birth is 10%, accounting for 15 million births, globally and approximately 50% of all perinatal deaths every year 1, 6 . In South Africa, more than 8 out of 100 babies are preterm. The country was ranked 24 th out of 184 countries in 2010, for the number of newborn deaths, due to complications from preterm birth 1 .
With a few exceptions, the rate at which preterm birth occurs has grown in both developed and developing countries, over the last decade 1, 5 . Increased maternal age during pregnancy, infertility treatment and maternal health conditions are the leading causes (1) . However, changes in obstetric practice (evidenced by an increase in induced deliveries and cesarean section, are possible additional reasons for the increased incidence of preterm births 1 . The highest increase in preterm birth incidence was observed to be in the moderate preterm category (32-33 weeks' gestation), as well as the late preterm category (34-36 weeks' gestation) 7, 8 . Although considerable attention has been paid to preterm birth as a whole, outcomes vary with the subcategories of preterm birth [9] [10] [11] . The rate of preterm birth has increased by 33% in the last 25 years, almost entirely due to the rise in late preterm births 12 . The extent of the increased risk of preterm birth associated with socio-economic disadvantage and other risk factors generally increased with an increasing severity level of preterm birth 11 .
Maternal nutrition has an effect on fetal growth [13] [14] [15] [16] and preterm deliveries [17] [18] [19] [20] [21] . Several studies have yielded varying results concerning the associations between single foods or nutrients during pregnancy and preterm birth incidence [22] [23] [24] [25] [26] . Other studies looking at dietary patterns of foods in combination during pregnancy have allowed for the interactive effect between nutrients and timing of deliveries to be studied 27, 28 . As an example, a western diet, which is described as consisting of a high consumption of fried and processed meats, is associated with an increased risk of preterm birth 24, 29 , while prudent diets, which are rich in vegetables and fruits, have been associated with a lower occurrence of preterm birth 23 .
The complexity of preterm birth suggests that a simple binary logistic regression approach fails to identify exposure effects at different severity levels of preterm birth 24, [29] [30] [31] . Many researchers have applied newer statistical and scientific methods to identify the effect of dietary patterns on the incidence of preterm birth. Since it is not appropriate to assume that all the factors have the same effect across different severity levels of preterm birth, an ordinal logistic regression model was proposed for such investigation by Walker and Duncan 32 and was later referred to as the proportional odds model [33] [34] [35] [36] . The proportional odds model is a generalization of a binary logistic regression model, in which the response variable has more than two ordinal categories. The use of ordinal polytomous responses has increased significantly in health science studies on quality of life, defining health status indicators, the severity of certain diseases and the effectiveness of post-operative procedures 36 . Data in such studies are commonly evaluated by the proportional odds model [33] [34] [35] 37 . The partial proportional odds model combines the ordered arrangement in ordinal models, while allowing for particular independent variables to affect different levels of the outcome variables 28 .
Even though maternal diet has been considered as a determinant of preterm birth prevalence in previous studies, the association with preterm birth is not well established in South Africa. South Africa is experiencing a transition in dietary patterns, from that of traditional diets to a more "Western" diet, high in fats and sugar 38 . It is, therefore, useful to assess the association of dietary patterns during pregnancy with preterm birth, in order to make informed decisions on dietary interventions during pregnancy 27 . We used a novel modeling strategy, the partial proportional odds model, which allows for more nuanced insights on the effect of dietary patterns across different severity levels of preterm birth than other approaches, such as the binary and multinomial logistic regression models. This paper attempts to model the differential effect of maternal dietary patterns, across the severity levels of preterm birth using the partial proportional odds model.
Methods
Data. The Mother and Child in the Environment (MACE) birth cohort is based among low-income communities in Durban, South Africa. The study enrolled 996 pregnant women between March 2013 and May 2017. Participants in the study were selected from public sector antenatal clinics in the industry dense residential areas in south Durban (Merebank, Bluff, Wentworth, and Austerville), as well as from residential located areas in the less heavily industrial areas in the north of Durban (Kwa Mashu, Newlands and Inanda). All pregnant women that met inclusion and exclusion criteria, were enrolled in the study and followed up during their pregnancy, through to labour and delivery. The inclusion criteria included gestational age less than 20 weeks and resident for the full duration of the pregnancy in the geographical area within which the clinic was located. Women with multiple pregnancies were excluded. Ethical approval was obtained from the University of KwaZulu-Natal's Biomedical Research Ethics Committee, and each participant provided informed consent, participation was voluntary and withdrawl from the study at any point was allowed.
Among the 996 enrolled pregnant women, 309 subjects were excluded due to miscarriages, termination of pregnancy and loss to follow up. The study analysed data on 687 pregnant women in the cohort. The food frequency questionnaire was administered to the mothers in the third trimester. Dietary patterns were based on the 75 food items commonly used in the maternal diet. According to WHO 1 and Donoghue et al. 39 , preterm birth is classified as very preterm (<32 weeks), moderately preterm (32-33 weeks), late preterm (34-37 weeks), and term (38-42 weeks).
Data reduction.
To reduce the 75 dietary variables into a set of manageable latent characteristics, with minimal loss of information, exploratory factor analyses with a Promax rotation method was used. A scree plot ( Fig. 1) , along with the percentage of variance explained by each factor, was used to determine the number of latent factors. Accordingly, eight latent dietary factors that explain dietary patterns were identified. Collectively these factors explained 88.3% of the variability within the sample. These factors were labeled as 'energy foods and snacks' , 'spreads and fast foods' , 'butter, junk foods, and juices' , 'protein-rich foods' , 'starch foods' , 'nuts and rice foods' , 'vegetable-rich foods' and 'alcoholic drinks' . The summary of results, with the factor loadings and naming of the dietary patterns, is given in Table 1 .
Data exploration. Exploration of the data was performed using parallel coordinate plots (PCP), in order to examine trends of dietary patterns across different severity levels of preterm birth. The PCP revealed an association between the higher-order severity levels 2 and 3 of preterm birth outcomes, with lower consumption of 'nuts and rice foods' dietary patterns (Fig. 2) . Except for some outliers, similar PCP trends were observed for 'spreads and fast foods' dietary patterns. The PCP further displayed that the higher-order severity levels 2 and 3 of preterm birth, had a high range of variation from low to high on 'butter, junk foods, and juices' and 'energy foods and snacks' dietary patterns, with high clustering of late preterm birth at lower scores (Fig. 2 ). This supports the use of a model (such as the partial proportional odds model) that considers the differential effect of dietary patterns across the severity levels of preterm birth.
Statistical analysis.
Gestational age was categorized into three levels, based on the severity levels of preterm birth. The outcome variable of interest (severity level of preterm birth) was measured on three ordinal levels of term (38-42 weeks), late preterm (34-37 weeks) and very (<32 weeks) or moderately preterm (32-33 weeks) birth. These sub-categories of preterm birth were coded to represent severity levels: term birth = 1, late preterm birth = 2, very or moderately preterm birth (most severe) = 3. The level k = 1 defines the lowest severity level (term birth). Therefore, for the i th woman in the study, the response variable, the severity level of preterm birth (Y i ), i = 1… n, is defined as follows
if gestational age is between 38 and 42 weeks 2: if gestational age is between 34 and 37 weeks 3: if gestational age is between 23 and 34 weeks i A proportional odds model is one in which the response variable has more than two ordinal categories, with the assumption of odds being the same across the categories. The partial proportional odds model is suitable in modeling severity levels of preterm birth due to the flexibility in the procedure, as it is capable of relaxing the proportional odds assumption in the ordered logit model, by allowing the variability of the regression parameter β, across severity levels of preterm birth, while maintaining its ordinal nature. It estimates the cumulative probabilities of being at or below, specific severity levels of preterm birth, given a set of independent variables [33] [34] [35] 40 .
The partial proportional odds model can be given as
where Y is the ordinal response severity levels of preterm birth, x is the vector of observed explanatory variables: maternal and infant characteristics, including maternal dietary patterns, maternal age, maternal education, employment, maternal annual income, family size, gravida, and infant gender, β is the vector of estimable parameters and α is the unknown threshold, or intercept parameters. Consequently, the model in Eq. 1 is the partial proportional odds model. The proportional odds, in particular, the probability of an observation being at, or above, a specific severity level of preterm birth, was conditional on maternal dietary practices and socio-demographic characteristics observed in the study. In fitting a partial proportional odds model, it is imperative to verify the homogeneity of the proportional odds ratios across all ordinal levels, using a global test of non-proportionality 41 . The predictors that met the proportional odds assumption, dietary patterns ('energy foods and snacks' , 'spreads and fast foods' , 'butter, junk foods, and juices' , 'protein-rich foods' , 'vegetable-rich foods and alcoholic drinks') and covariates (maternal employment, maternal age, maternal education and infant gender), have the same coefficient values in two of the cumulative logits, the higher severity levels (levels 2 or 3) versus the lowest level (level 1) and the most severe level (level 3) versus the lower severity levels (levels 1 or 2). We considered p-values below 0.05 to be statistically significant. SAS 9.4 was used for the analysis of the data.
Ethics approval and consent to participate. Written, informed consent was obtained from the mother for the children and provided their own consent. The study was approved by the Biomedical Research Ethics Committee of the University of KwaZulu-Natal. 
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Results
The proportion of preterm birth in the MACE cohort was 17%, with 14% late preterm birth and about 3% very to moderately preterm births. As for the profile of the mothers, the majority were between 20 and 29 years of age (60.4%), multigravida (57.1%), high school graduates (79.4%), unemployed (81.5%) and had no personal income (45.3%). Male babies predominated (52.1%).
Model fitting and comparison. The Score test indicated that the proportional odds assumption is not reasonable, suggesting that separate parameters are needed across the cumulative logits for at least one predictor (p = 0.006). Thus, we conducted model comparison among the three ordinal logistic regression models, with likelihood ratio tests. The proportional odds model was rejected in favor of both the non-proportional odds model (p = 0.001) and the partial proportional odds model (p = 0.0001), while the partial proportional odds model fits as well as the non-proportional odds model (p = 0.305). The Akaike Information Criterion (AIC) and Bayesian Information Criterion (BIC) values were used to compare the performance of the non-proportional and partial proportional odds models. The partial proportional odds model had the lowest AIC and BIC values, compared to the non-proportional odds model (Table 2 ). This suggested that the partial proportional odds model outperformed the non-proportional models and could be considered as a viable method for modeling the severity level of preterm birth. The proportional odds assumption was violated for 'starch foods' , 'nuts and rice foods' dietary patterns and maternal income, family size and gravida, among socio-demographic factors. The dietary patterns 'energy foods and snacks' , 'spreads and fast foods' , 'butter, junk foods, and juices' and 'protein-rich foods' , 'vegetable-rich foods' , 'alcoholic drinks' and the adjusted socio-demographic variables maternal age, education, employment, and infant gender, all satisfied the proportional odds assumption. Table 1 . Factor loadings of different food items on the eight latent dietary factors identified using factor analysis with Promax rotation. *Factor loadings ≥3.0 or ≤−3.0. Food groups are sorted by the size of loading coefficients.
The likelihood ratio chi-square test for the partial proportional odds model was significant with χ 2 (36) = 57.42, p < 0.0001, indicating that the full model with predictors, provided a better fit than the null model, with parameters significantly being non zero ( Table 3 ). The partial proportional odds model revealed that the two dietary patterns, 'starch foods' and 'nuts and rice foods' , as well as family size, showed a significant differential effect across severity levels of preterm birth. These dietary patterns showed a statistically significant association with highest severity preterm birth, against lower severity levels 1 or 2 of preterm birth outcomes. A mother who consumed 'starch foods' had the greatest risk of having the most severe (level 3) preterm birth category instead of lower severity levels 1 or 2 (Adjusted Odds Ratio (AOR) = 2.09, 95% CI = (1.16, 3.80), p = 0.014). However, the risk of having the most severe preterm birth, as compared to the other categories, decreased by 75% (AOR = 0.25, 95% CI = (0.099, 0.621), p = 0.003), for each unit increase in intake of the 'nuts and rice foods' diet ( Table 3) .
The consumption of 'vegetable-rich foods' and 'alcoholic drinks' latent dietary patterns had a significant effect that did not vary across severity levels of preterm birth. The odds of having higher severity levels 2 and 3 preterm birth compared to level 1, decreased by 27% for each unit increase of 'vegetable-rich foods' (AOR = 0.73, (95% CI = (0.531, 0.981), p = 0.036) ( Table 3 ). There was a 3.5 fold (95% CI = (1.269, 9.684), p = 0.015) increased risk for preterm birth at a higher severity level, i.e. level 2 or 3, compared to severity level preterm birth 1, for one unit increased consumption of alcoholic drinks (Table 3 ). Furthermore, among the adjusted socio-demographic variables, the risk of having the most severe preterm birth outcome against lower levels was increased for every www.nature.com/scientificreports www.nature.com/scientificreports/ one additional person in the family (AOR = 1.50, 95% CI = (1.153, 1.951), p = 0.002), and being in the age group of 30 years and above (AOR = 1.76, 95% CI = (1.021, 3.069), p = 0.041) ( Table 3 ).
Discussions
The differential effect of maternal dietary patterns across different severity levels of preterm birth was examined using the partial proportional odds ordinal model. The result showed a significant protective effect of 'vegetable-rich foods' , as well as 'nuts and rice foods' , for experiencing the most severe preterm birth category. Previous prospective cohort studies 42, 43 found that the Mediterranean-style dietary pattern, characterized by high consumption of fruits and vegetables during pregnancy, was associated with a decrease in the risk of late preterm birth. However, we found that an increase in consumption of a 'vegetable-rich foods' dietary pattern, was related to a decreased risk of preterm birth at both very/moderate and late preterm birth. This may possibly be due to the high loading of vegetables and negative loading of butter, implying that a maternal diet, with frequent consumption of vegetables, could contribute to a lowered odds of preterm birth. This is similar to the finding of a study in Norway, which found evidence that increasing scores for the "prudent" dietary patterns, characterized by diets which are rich in vegetables and fruits, was found to be associated with a lowered risk of preterm birth as a whole 23 .
Our findings are also consistent with the outcomes of a study of dietary pattern and its association with preterm birth in Singapore, that showed a dietary pattern high in vegetables, fruits, and white rice, is associated with a lower risk of preterm birth 44 . Our findings are further consistent with a study in China, which showed that maternal diet with frequent consumption of vegetables, might contribute significantly to lowering odds of experiencing a preterm birth outcome 30 . A study in Singapore found that the consumption of the 'vegetable, fruit and rice' pattern, which includes 'nut and rice foods' , was found to be associated with a reduced risk of preterm birth outcome 45 . Likewise, our investigation of the consumption of 'nuts and rice foods' varied between different severity levels of preterm birth and also had evidence of lower risk of having very/moderately preterm birth outcome, as compared to late preterm or term birth outcome.
A Norwegian mother and child cohort study 23 , found that an increase in scores of the "traditional" (potatoes, fish, boiled vegetables) dietary pattern, was associated with a lower risk of preterm birth. However, our study Table 3 . Partial proportional odds model for severity levels of preterm birth. *Significant at 0.05 level. a Reference category † proportional odds assumption holds and have the same coefficient values in the two cumulative logits.
showed that women who follow 'starch foods' dietary pattern (characterized by high consumption of potatoes, breakfast cereals, potatoes with fat, legumes, cooked vegetables), is associated with the most severe level of preterm birth. Here, the effect of 'starch foods' dietary pattern, varied across the different severity levels of preterm birth. This is due to the use of the partial proportional odds model, which considered the severity level of preterm birth, on top of other studies that use the multinomial logistic regression model. This may also be attributed to the diets having a high glycemic index, such as potatoes and potatoes fried with fat. These have a high loading on the starch foods dietary pattern by increasing blood glucose levels, similar to the study focusing on pregnant women with diabetes, who deliver preterm babies 46, 47 . An increase in consumption of alcoholic drinks was associated with a higher risk of preterm birth, this association being similar across all severity levels of preterm births. Moreover, the study indicated that older age mothers had a significantly higher risk of preterm birth across all severity levels. This is consistent with other studies that showed that the risk of having a preterm baby was higher for older mothers, and further that this risk increased, with an increase in severity level of preterm birth 39, 48 .
The strength of this study lies in the use of a more parsimonious method, the partial proportional odds model, that allows the predictors that meet the proportional odds assumption to take the same coefficient for all severity levels of preterm birth, and other predictors to vary across the severity levels of preterm birth, thereby ensuring that there is no potential loss in accuracy of prediction.
Ordinal models assume the proportional odds assumption across severity levels of preterm births, compared to multinomial logit models, which completely ignore the sequential order of preterm births. The assumption of proportional odds model, however, was not supported by the data for all the factors. The partial proportional odds model bridges the gap between the proportional odds and the multinomial logit models 41 . As a result, we used the partial proportional odds model, which accommodates the variables that failed to satisfy the proportional odds model assumption. Unlike previous studies, which were based on the effect of consumption of single food items, a data-driven exploratory factor analysis was used to extract dietary patterns that facilitate understanding of a variety of food consumption habits of the cohort. The limitation of the study is that the data is only adjusted for socio-demographic factors. It is possible that our findings could be biased due to unmeasured confounding variables.
Conclusions
This study found that the 'vegetable-rich foods' and 'nuts and rice foods' dietary patterns were associated with a reduced likelihood of preterm birth. The dietary patterns such as 'starch foods' and 'alcoholic drinks' and older age were factors that were associated with an increased likelihood of preterm birth. The study further showed 'starch foods' and 'nuts and rice foods' dietary patterns, as well as family size, had a differential effect at different severity levels of preterm birth. The use of partial proportional odds model allowed for modeling the effect of dietary patterns on the severity of preterm birth, allowing for flexibility over the assumption of homogeneity of threshold-specific covariate effects and may consequently allow for a more proper application of models for ordered responses, than is the case for the standard proportional odds methods.
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